Motivation facilitates recovery after neuronal damage, but its mechanism is elusive. It is generally thought that the nucleus accumbens (NAc) regulates motivation-driven effort but is not involved in the direct control of movement. Using causality analysis, we identified the flow of activity from the NAc to the sensorimotor cortex (SMC) during the recovery of dexterous finger movements after spinal cord injury at the cervical level in macaque monkeys. Furthermore, reversible pharmacological inactivation of the NAc during the early recovery period diminished high-frequency oscillatory activity in the SMC, which was accompanied by a transient deficit of amelioration in finger dexterity obtained by rehabilitation. These results demonstrate that during recovery after spinal damage, the NAc up-regulates the high-frequency activity of the SMC and is directly involved in the control of finger movements.
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Function of the nucleus accumbens in motor control during recovery after spinal cord injury * Motivation facilitates recovery after neuronal damage, but its mechanism is elusive. It is generally thought that the nucleus accumbens (NAc) regulates motivation-driven effort but is not involved in the direct control of movement. Using causality analysis, we identified the flow of activity from the NAc to the sensorimotor cortex (SMC) during the recovery of dexterous finger movements after spinal cord injury at the cervical level in macaque monkeys. Furthermore, reversible pharmacological inactivation of the NAc during the early recovery period diminished high-frequency oscillatory activity in the SMC, which was accompanied by a transient deficit of amelioration in finger dexterity obtained by rehabilitation. These results demonstrate that during recovery after spinal damage, the NAc up-regulates the high-frequency activity of the SMC and is directly involved in the control of finger movements.
M otivation enhances and depression impedes functional recovery after neuronal damages (1, 2) . However, the mechanism underlying this psychological effect on recovery remains obscure. The nucleus accumbens (NAc) plays a critical role in processing motivation to obtain reward (3) (4) (5) (6) . A large fraction of neurons in the NAc reflects the availability of a reward and the vigor of a subsequent approach to a target (7) . However, the NAc is not thought to be directly involved in the control of motor functions such as finger dexterity. It has been reported that the NAc controls locomotion (8, 9) ; however, it might be through the regulation of vigor (10) (11) (12) . On the other hand, in functional brain imaging studies in nonhuman primates, the activity of the NAc during a reach-and-grasp task was increased in association with the primary motor cortex (M1) during recovery from a partial spinal cord injury (SCI), which had not been observed before the injury (13, 14) . These studies suggest that the interaction between the NAc and M1 plays a pivotal role in the recovery of finger dexterity. However, the causal relationship between the neural activities of M1 and the NAc and functional recovery remains obscure. In this study, we investigated the interaction between the neuronal activities of the NAc and M1.
After sufficient training on a reach-and-grasp task (Fig. 1A) , four macaque monkeys were subjected to SCI, which was limited to the C4/5 level of the lateral corticospinal tract (Fig. 1B and  fig. S3 ). Finger dexterity was immediately impaired in the three monkeys who had relatively large lesions (monkeys M, T, and R; Fig. 1B and  fig. S3 ). Consistent with recent lesion studies (15) (16) (17) , recovery of the precision grip exceeded 90% within 100 days in monkeys whose finger dexterity was impaired immediately after SCI. "Early-stage" recovery was defined as the period from SCI to the time point at which the success rate reached 100% for 2 successive days. "Latestage" recovery was defined as the period after which the grip success rate remained repeatedly at 100% (Figs. 1B and 3B and movie S1). Finger dexterity was not markedly impaired in monkey D, presumably because the SCI was comparatively small ( fig. S3) .
To evaluate the potential of the NAc to motivate recovery, we determined the relationship between NAc and M1 activity during the two stages of behavioral recovery and compared with the pre-SCI stage. We examined oscillatory activity of the two regions while the monkey performed a reach-and-grasp task requiring dexterous finger movements at various time points before and after SCI in two monkeys [monkeys T and R, in which we conducted simultaneous recordings of electrocorticography (ECoG) in the sensorimotor cortex (SMC) and local field potentials (LFPs) in the NAc (Fig. 1C) ]. During the earlystage and late-stage recovery, time-frequency analysis of M1 activity showed long-lasting high-frequency gamma activity (115 to 400 Hz) through the period of reach-and-grasp movements, as compared with that observed before SCI (Fig. 1D , upper row and E). The high-frequency component of the NAc at the early stage appeared to have reached the similar level as the pre-SCI level (Fig. 1D , lower row and F). On the other hand, the low-frequency component in the NAc during the early recovery stage showed significant decrease during reaching and grasping (Fig. 1F) . We successively employed Granger causality analysis (GCA) (18) (19) (20) to evaluate the directionality of interactions between M1 and NAc activity in the two monkeys. GCA demonstrated an increased signal flow from the NAc to M1 in the high-gamma band (115 to 400 Hz) during early-stage recovery ( Fig. 2A , upper middle). In the late-stage recovery, the signal flow from the NAc to M1 was diminished ( Fig. 2A , upper right). Compared with observations before SCI or during late-stage recovery, the signal flow from the NAc to the global SMC was much stronger (Fig. 2C) .
Despite these analyses, it remained unclear whether the NAc is a critical modulator of SMC activity. We therefore injected muscimol at various time points before and after SCI to induce a temporary unilateral blockade of the NAc in the contralesional hemisphere. We tested the effects of NAc inactivation on finger dexterity in all four monkeys and on SMC brain activity in three monkeys (monkeys M, T, and R; see the methods in the supplementary materials). In the three monkeys with SCI-induced impaired finger dexterity, NAc inactivation exacerbated the grasping deficits during the early recovery stage (Fig. 3 , A to C, and movie S2). The same manipulation caused no remarkable deficit during either the pre-SCI period (Fig. 3 , A to C, and movie S3) or the late recovery stage (Fig. 3, B and C, and movie S4). Importantly, despite their additional early-stage motor impairment, the monkeys' intention to obtain food was undiminished. During the inactivation, monkeys would try to pick up a piece of food they had dropped and could retrieve it using the contralesional hand ( fig. S6A and movie S5). Accompanying the impaired precision grip success rate of monkeys M, T, and R, their movement time for grasping was also prolonged only during the early stage in all these animals (Fig. 3D) . NAc inactivation tended to prolong the reaching time, but due to the limited number of animals and intrinsic variability, no statistical significance was reached (Fig. 3E) . After SCI, reaching was relatively unaffected after NAc inactivation, presumably because the pathways involved in the control of reaching [via corticopropriospinal (17, 21) and corticoreticulospinal tracts (22) ] mostly remained intact. Furthermore, inactivation of the ipsilesional NAc caused no additional effect on the lesion-affected finger dexterity ( fig. S6B) . Similarly, NAc inactivation had no obvious effect on finger dexterity before or after SCI in the monkey D, who had no clear impairment in finger dexterity after SCI ( fig. S3 ).
In the three monkeys with lesion-impaired grasping (M, T, and R), we explored changes in M1 activity induced by NAc inactivation (Fig. 4A) . Before the SCI, no change in cortical activity was observed after NAc inactivation ("pre-SCI" in the left column of Fig. 4B, in Fig. 4D , and in the left column of fig. S4, A and B) . However, during the early stage of recovery, NAc inactivation attenuated high-frequency gamma activity (115 to 400 Hz), whereas lower-frequency gamma activity (50 to 100 Hz) tended to be enhanced ("early" in the middle column of Fig. 4B, in Fig. 4D , and in the middle column of fig. S4, A and B) . This result was consistent with the fact that the gamma band in the NAc decreased during early-stage recovery. During late-stage recovery, NAc inactivation had no clear effect on the SMC-ECoG signals ("late" in the right column of Fig. 4B, in Fig. 4D , and in the right column of fig. S4, A and B) . These results accompanied the finding that finger dexterity was also unaffected by NAc inactivation during the late stage of recovery.
It is widely accepted that high-gamma-band activity reflects synchronized firing of a neural population near the electrode (23, 24) . Our finding that the disappearance of high-gamma activity (115 to 400 Hz) occurred in association with disturbed finger dexterity suggests that the highfrequency oscillatory activity of M1, which was interrupted by NAc inactivation, played a critical role in the control of dexterous finger movements during recovery. Additionally, we observed that this oscillatory modulation occurred across all areas of the SMC, including the premotor cortex, M1, and the primary somatosensory cortex.
Before NAc inactivation, both high-frequency gamma (115 to 400 Hz) and lower-frequency gamma (50 to 100Hz) bands were observed in the dorsolateral SMC (Fig. 4C and fig. S5, A and B) . However, after NAc inactivation, the reduction in high-frequency gamma power and the increase in lower-frequency gamma power occurred on all of the electrodes in the SMC (Fig.  4B and fig. S5, A and B) .
In this study, we demonstrated that NAc inactivation produced severe deficits in finger movement during the early-stage recovery. This suggests that the NAc makes a direct contribution to motor performance during the early-stage recovery after SCI. This conclusion is supported by the finding that NAc inactivation significantly suppressed high-frequency oscillatory activity in the SMC. Other investigations have shown that the NAc plays a pivotal role in maintaining the motivation to obtain reward when required to expend more effort (4-6). Indeed, rats with NAc lesions switched to choosing low-value rewards at low costs, rather than choose high-value/ high-cost rewards (4). In our study, possibly several planning and/or executing centers, including the motor cortex, require a higher level of activity for the execution of the same movement after SCI. This idea might be similar to what has been described by Brodal as "mental energy" in his self-observation after stroke (25) . Therefore, during the early stage of recovery, the monkeys would have to exert more motivational effort to achieve the precision grip. When the recovery was almost complete, such extra effort would no longer be necessary. The pathways from the NAc to the SMC remain unclear. However, it has been shown that the NAc provides multisynaptic (minimally disynaptic) projection to all the body-part representations in M1, presumably through the basal forebrain cholinergic neurons (26) (27) (28) . On the other hand, there exists a pathway from the ventral tegmental area, which receives dense inputs from the NAc, to the SMC (29) . Because the motor recovery after the same SCI was shown to be training-dependent (30) , it would be reasonable to suggest from the present results that the NAc contributes to recovery after SCI. Our findings suggest that the NAc could be a critical target for therapeutic interventions that aim to enhance the motivation of patients with SCIs and thereby promote their recovery. This idea may apply to a broad range of neurological disorders, including stroke, traumatic brain injuries, etc. Power change inactivation/control 1.4 Frequency ( 
